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FY90-93, OPTIMIZING THE LONG-TERM RETENTION OF SKILLS:
STRUCTURAL AND ANALYTIC APPROACHES TO SKILL
MAINTENANCE

EXECUTIVE SUMMARY

Requirement:

The purpose of this research program was to identify the
characteristics of knowledge and skill which are most resistant to decay
due to disuse. The general goal was to elucidate principles which specify
those aspects of a complex skill that resist decay over periods of disuse and
how they are distinguishable from more fragile components.

Procedure:

Four features of our program made it unique: First, our assumption
was that it is more crucial to optimize performance after a delay interval
than to optimize performance during acquisition. Second, relative to most
other empirical programs, we used long retention intervals, up to several
years. Third, we chose to conduct experiments investigating a wide range
of different skills and paradigms. Fourth, we often used nontraditional
methods to measure retention.

Findings:

Our research led to the identification and support of several general
principles about improving long-term retention or durability of skills. We
summarize below three classes of principles and illustrate them with some
of our experimental investigations:

The first class of guidelines concerns ways to optimize retention
through conditions of training. We discuss three general guidelines in this
class. First, superior memory results from the use of cognitive procedures
during learning. The procedural reinstatement framework is used to
account for the observed superiority of memory for spatial order found in our
studies of the retention of scheduling information. Second, retention is aided
by prior familiarity. Memory for spatial information of schedules was
improved when the information could be related to relevant previous
experience. Third, learning is facilitated by distinctiveness of the
information, as was evident with the spatial information in our study of list
learning.

The second class of guidelines concerns ways to optimize the learning
strategies used. We found in our study of mental arithmetic that the strategy
used by the subject importantly influences retention and that a direct
retrieval strategy leads to faster responding than does a strategy based on the




use of an algorithm. Our study of vocabulary acquisition demonstrated that a
direct retrieval strategy may also be achieved in that domain, but mediating
associations exert an influence even when retrieval appears to be direct.

The last class of guidelines concerns ways to optimize memory
through conditions of retention testing. In our study of vocabulary
acquisition we saw remarkable recovery of retrieval speed after a single
initial retrieval. Hence, the use of a refresher or practice test before the
critical test can have a profound impact on retention performance.

Some of our work also demonstrated the specificity of improvement in
performance. Training on specific colors showed limited transfer to new
colors in the Stroop color-word interference task. Although our goal in this
research program was limited to an examination of the optimization of long-
term retention, we learned that optimizing retention does not guarantee
generalizability. Hence, future research should be aimed at exploring
conditions of training, strategy utilization, and retention testing that
simultaneously maximize both generalizability and long-term durability.

Utilization of Findings:

The overriding practical question of this research was how to ensure,
through training, that a skilled worker (such as a code recipient, a tank
gunner, or an aircraft pilot) has a behavioral tool kit which is just as or
nearly as permanently functionable as his or her hardware kit. Our findings
should enable those in the military to make relevant recommendations about
training routines for long-term maintenance of military knowledge and skill.
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Our research program is aimed generally at understanding and
improving the long-term retention of knowledge and skills. Our
initial work led us to propose that a crucial determinant of memory
concerns the extent to which cognitive procedures acquired during
study can be reinstated at test (Healy, Fendrich, Crutcher,
Wwittman, Gesi, Ericsson, & Bourne, 1992). That is, to demonstrate
durable retention across a long delay interval, it is critical that
the cognitive procedures used when acquiring the knowledge or skill
are reinstated at the later time. Using this work as a foundation,
we have tried to develop additional guidelines for promoting
superior long-term retention. In a chapter by Healy, Clawson,
McNamara, Marmie, Schneider, Rickard, Crutcher, King, Ericsson,
and Bourne (1993), we described how the approach we have taken
differs from that used in most earlier studies.

Four features of our program are especially important in
distinguishing it from earlier research. First, we have been
explicitly concerned with optimizing performance after a delay
interval rather than assuming retention will be superior given
optimized performance during acquisition. Second, relative to most
other experimenters, we have used longer retention intervals,
usually including tests after at least a week, and in some cases
including intervals up to one or two years. Third, we have
conducted experiments over a wide range of different types of
tasks, because we assumed that our theoretical conclusions may rely
heavily on the specific nature of the tasks we studied and in order
to capitalize on different processes crucial to memory that could
be highlighted in different tasks. Fourth, in many of our studies,
we have used nontraditional methods to assess retention, providing
training for subjects beyond a fixed accuracy criterion, monitoring
component response time measures, or collecting verbal protocols.

This research has led to the support or identification of
several guidelines for improving memory for skills (Healy et al.,
1993). Here we will focus on three classes of guidelines: those
that relate to optimizing the conditions of training, the learning
strategy used, and the retention conditions.

In our earlier studies, we were impressed with the remarkable
degree of long-term retention that subjects were able to achieve in
a number of perceptual, cognitive, and motor tasks, including
target detection (Healy, Fendrich, & Proctor, 1990), data entry
(Fendrich, Healy, & Bourne, 1991), and mental arithmetic (Fendrich,
Healy, & Bourne, 1993; Healy et al., 1992). Our more recent
research has identified one important limit of this durable
retention phenomenon, namely the specificity, or lack of
generalizability of the attained improvements in performance
(Rickard & Bourne, 1992; Rickard, Healy, & Bourne, in press).
First, we will present some new evidence for such specificity, and
then we will discuss our optimization guidelines.




Specificity Of Training: Color-Word Interference

Our new evidence for specificity involves the Stroop effect
(Stroop, 1935). 1In the Stroop color-word interference task,
subjects are asked to name the color of the ink in which color
words are displayed. The ink color and word do not correspond.

For example, given the word purple printed in red ink, the
appropriate response 1is "red." Our study (which is discussed in
greater detail by Clawson, King, Healy, & Ericsson, 1993) involved
training in two different color-naming situations: The patches
training condition involved practice in simply naming color
patches; the Stroop training condition involved practice in naming
the colors of incongruent color words.

Specifically, the study provided four subjects with 12
sessions of training either on the Stroop task itself or on simple
color-patch naming; two subjects in a control condition received no
training. All six subjects were tested in a pretest prior to
training as well as in a posttest after training and in a retention
test after a month-long delay. Included in each test session was a
set of four tests related to Stroop interference: one test each on
word naming and on simple color-patch naming plus a Stroop test and
a test with Stroop stimuli but requiring word-naming responses
(which we call “reverse Stroop”). Two additional orthographic
manipulation tests consisted of a Stroop test in which the letters
of the color words were bracketed by asterisks (e.g., *p*u*r*p*l*e*
in red letters) and one in which the letters were all uppercase
(e.g., PURPLE in red letters) as opposed to the lowercase letters
used in training. These orthographic manipulations provided an
indication of specificity to the word form. Another index of
specificity was provided by the use of two different color-word
sets. Although the experimental subjects trained on only one
color-word set (with the set counterbalanced across subjects), all
subjects were tested on both sets.

If there was specificity of training, then there should have
been less improvement on the orthographic manipulations than on the
normal Stroop test and less improvement on the untrained color-word
set than on the trained set. On the basis of our previous studies
showing extremely good retention of procedural skills (Healy et
al., 1992), we also predicted relatively little evidence of
forgetting across the one-month delay interval. Of greatest
interest was whether any specificity effects persisted across this
long retention interval. '

The results, averaged across the three training conditions,
are summarized in Figure 1 in terms of log correct reaction times
at the pretest, posttest, and retention test for the four Stroop
interference tests. As in previous research, reaction times were
faster for the test types involving word naming than those
involving color naming and were slower for the test types involving
incongruous stimuli than for those that did not. Note that the
test types in order of fastest to slowest were: word naming,
reverse Stroop, color-patch naming, and Stroop. The effects of
training are evident by the fact that subjects were faster overall
on the posttest than on the pretest. Note that, as in the previous




studies of procedural skills (Healy et al., 1992), there was no
significant forgetting evident from the posttest to the retention
test.

3.0 - B Pretest
Posttest
] ) [A Retention test

Reaction Time (log msec)

RN

7/ 4 4 A

¥
Word Reverse Stroop Color-Patch Stroop

Naming Naming
Test Type

Figure 1. Results of the experiment by Clawson, King, Healy, and
Ericsson (1993) for the four Stroop interference tests. Mean
correct log reaction time on the pretest, posttest, and retention
tests as a function of test type.

The specificity of training is reflected by three related
observations. First, reaction times decreased from the pretest to
the posttest more for the color-word set on which subjects had
trained (pretest M = 2.765, posttest M = 2.698) than for their
untrained color-word set (pretest M = 2.744, posttest M = 2.698).
Second, as shown in Figure 2 which presents data only from the
Stroop-trained condition after training (i.e., on the posttest and
retention test), subjects who were trained to name colors and
ignore the words were faster on the trained set than on the
untrained set when naming colors, that is in the Stroop test and in
the color-patch naming test, but not when naming words, that is in
the word naming test and in the reverse Stroop test. For these
last two tests, reaction times were actually faster for the
untrained set. Third, this advantage for the trained set on color
naming responses and the advantage for the untrained set on word
naming responses were only found for subjects in the Stroop
training condition, not for subjects in either the color-patch
training or control conditions.
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Figure 2. Results of the experiment by Clawson, King, Healy,
and Ericsson (1993) for only the Stroop-trained subjects on
the four Stroop interference tests, after training. Mean
correct log reaction time on the trained and untrained color-
word sets as a function of test type.
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Figure 3. Results of the experiment by Clawson, King, Healy,
and Ericsson (1993) for the orthographic Stroop tests. Mean
correct log reaction time on the trained and untrained color-
word sets as a function of test time and training condition.




The results of the orthographic manipulation tests revealed no
effect of orthographic test type with reaction times nearly
identical for the three orthographic test types (standard M =
2.807, asterisks M = 2.810, uppercase M = 2.808). Importantly, this
finding suggests that the effects of training were not specific to
the word form. 1In contrast, specificity of color-word set was
again evident by two cbservations: First, as shown in Figure 3,
the greatest decrease in reaction time from the pretest to the
posttest occurred for the Stroop training condition with the
trained color-word set. Second, as illustrated in Figure 4, after
training (i.e. on the posttest and retention test), only the Stroop
training condition yielded faster reaction times for the trained
set than for the untrained set. Because the same pattern was found
for all three orthographic test types, the results are consistent
with the hypothesis that training is specific to the colors and
words employed but not to the orthographic form of the color words.
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Figure 4. Results of the experiment by Clawson, King, Healy, and

Ericsson (1993) for the orthographic Stroop tests, after training.
Mean correct log reaction time on the trained and untrained color-
word sets as a function of training condition.

In summary, we found clear evidence for lasting specificity of
training effects in the Stroop task, suggesting that there are
limits to the generalizability even of well-retained improvements
in performance.




Guidelines for Improving Long-Term Retention
We turn now to our research on the general optimization
guidelines outlined earlier, starting with the class of guidelines
regarding optimization of the conditions of training.

Retention of Components of Schedules

Researchers have described what we retain in memory as a
composite of three qualitatively separate components based on
spatial, temporal, and item information (e.g. Healy, 1974, 1975,
1982; Healy, Cunningham, Gesi, Till, & Bourne, 1991; Lee & Estes,
1981). More specifically, the spatial component involves knowledge
about spatial relations, distances, and locations of physical
objects in addition to knowledge about how to proceed through the
environment. The temporal component includes knowledge of dates
and times and the relative order of events. Memory for item
information includes knowledge of specific facts and names.

Research has provided evidence that spatial, temporal and item
information are retrieved in different ways (King, 1992; Wittman,
1989). For example, Wittman (1989) tested undergraduate students'
recall of four different types of course schedule information:
course times (temporal), the building in which the course was held
(spatial), the title of the course (item), and the name of the
course instructor (item). These four types of information can be
referred to as when, where, what, and who information. 1In
Wittman's first experiment, during each of three tests separated by
six-month intervals, subjects were given a recall guestionnaire
using a cuing technique with a map to ask about their individual
courses from a previous semester. As shown in Figure 5, Wittman
found a large degree of forgetting of course schedule information
despite repeated exposure and natural learning. An important
finding was the superiority of recall for spatial information
(where) over item and temporal information (who, what, and when).
Wittman proposed that subjects learned where information by
repeating the procedure of walking to the classroom for each class
session. Conversely, the learning of course title, instructor
name, and class time did not involve analogous procedures.

In a second experiment, Wittman (1989) had subjects learn
other individuals' course schedules in a laboratory setting.

During the study phase, subjects were provided with both a campus
map and a course schedule including the same four types of
information as in the first experiment. Subjects received nine
training trials in addition to two tests, the first test one week
later and the second (retention) test after five additional weeks.
The training trials consisted of studying the class schedule and
map, followed by a recall task. Students were tested using the
recall questionnaire as well as two new methods, a map test and a
class listing test. In both of these new tests, subjects were
required to provide the same type of item information (course title
and instructor's name). However, the tests differed in the type of
temporal and spatial information required. For the map test,




subjects provided the temporal order of class occurrence during the
school week and, as in the recall questionnaire, the building
location of each class on the campus map. In contrast, for the
class listing test, subjects provided the start time and the
building name for each class. Thus, the map test was designed to
resemble the natural procedures used in retrieving course
locations, whereas the class listing test was designed to remove
that procedural component from the recall of course locations.
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Figure 5. Results of Experiment 1 by Wittman (1989). Mean
proportion of correct recall of what, who, where, and when
information as a function of test time.

As in the natural learning experiment, comparison of the one-
week test and six-week retention test revealed an overall
forgetting of course schedule information, as shown in Figure 6.
Retrieval of where information was again superior; however, this
superiority occurred only on the map tests. On the class listing
tests, retention of where information was not superior on the one-
week test and showed significant loss on the six-week retention
test. These results support the notion that the superiority of
spatial memory is due to the use of procedures during learning.
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Figure 6. Results of Experiment 2 by Wittman (1989) for the map
test and the class listing test. Mean proportion of correct recall

of what, who, where, and when information as a function of test
time.




A further course schedule study by King (1992) separated
procedural experience from the use of a map in order to explore the
role of procedural knowledge in spatial memory superiority. To
separate these two issues, subjects' memory for fictitious course
schedules was tested in two separate situations: one in which
subjects had previous procedural experience with the campus and one
in which subjects were without such experience. If the retention
advantage of spatial information is due to procedural experience,
then we would expect a retention advantage for spatial information
only in the familiar condition, in which subjects had previous
procedural experience. )

Undergraduate students from either the University of Colorado
(CU) or Colorado State University (CSU) participated as subjects.
All subjects were unfamiliar with the other campus. Four different
fictitious course schedules were constructed, two using a CSU
directory of classes, and two using a CU directory. Half of the
students were assigned to the familiar condition in which schedules
were from their own campus; the other half of the students, in the
unfamiliar condition, were assigned to schedules from the other
campus. The experiment used Wittman's (1989) testing procedure
with the three types of tests (recall questionnaires, class listing
tests, and map tests).
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Figure 7. Results of the experiment by King (1992) for the recall
questionnaire test. Mean proportion of correct recall of what, who,
when, and where information as a function of test time.




The results of the recall questionnaire are summarized in
Figure 7 as a function of test time and information type. There
was a significant degree of forgetting across the approximately
one-month interval from the cone-week test to the retention test.
Recall performance differed among the four types of information.
This effect of information type was, however, modulated by
familiarity, as shown in Figure 8. Performance was better for the
familiar condition than for the unfamiliar condition, but only on
where information. These results support the prediction that where
information would be superior only for the familiar condition.
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Figure 8. Results of the experiment by King (1992) for the recall
guestionnaire test. Mean proportion of correct recall of what, who,
when, and where information as a function of familiarity of campus.

The results of the class listing test, in which the where
information consisted of building names rather than locations, are
summarized in Figure 9. Forgetting was evident; performance on the
one-week test was superior to performance on the retention test.
Performance varied across information types, with performance on
what information highest and performance on where information
lowest. Further, there was differential loss from the one-week
test to the retention test, with the greatest amount of loss for
the when and where information. As shown in Figure 10, performance
on where information was better for the familiar than for the
unfamiliar condition, as in the recall questionnaire. Again, the
effects of familiarity were not significant for the other types of
information.
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Figure 9. Results of the experiment by King (1992) for the class
listing test. Mean proportion of correct recall of what, who, when,
and where information as a functiocn of test time.
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Figure 10. Results of the experiment by King (1992) for the class
listing test. Mean proportion of correct recall of what, who, when,
and where information as a function of familiarity of campus.




Figure 11 summarizes the results of the map test, in which,
like the recall guestionnaire, the where information consisted of
building locations rather than building names. Again, forgetting
was evident, but here there was a where advantage for both the one-
week test and the retention test.
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Figure 11. Results of the experiment by King (1992) for the map
test. Mean proportion of correct recall of what, who, when, and
where information as a function of test time.

In summary, on both the recall gquestionnaire and the class
listing test, there was an effect of familiarity on where
information but not on the other types of information. These
results support our hypothesis that the spatial advantage was due
to procedures, because procedural experience with the campus
enhanced spatial recall.

For the class listing test, what, who, and when information
was recalled better than where information. Thus, when the test
required the building names rather than their locations, there was
no spatial advantage over temporal and item information.
Conversely, as expected, there was a spatial advantage on the map
test, which required the building locations.

The opportunity to use learned procedures in answering
location questions and to relate information to previous experience
led to an advantage for the spatial aspect over the item and
temporal aspects of course information.




Retention of Components of Lists

In the study of memory for course schedules, the who, what,
where, and when questions necessarily differed from each other
along a number of dimensions other than whether they involved
temporal, spatial, or item information; for example, in the recall
questionnaire and map tests the where questions were a type of
recognition test whereas the who, what, and when guestions were
recall tests. Two laboratory experiments by Sinclair, Healy, and
Bourne (1993) controlled for those other dimensions. The objective
was to determine whether a spatial advantage would occur under
these more controlled conditions. Because there was no procedural
component in these experiments, no spatial advantage was predicted.

In the first experiment, subjects learned a list of 20 common
nouns, each beginning with a different consonant from the alphabet.
The words were presented one at a time in a vertical array on a
computer terminal, with each word occurring for 2 seconds in a
different location within the array. At the termination of the
list presentation, subjects recalled the words by writing them on a
sheet of paper. A trial, thus, consisted of one presentation and
one recall attempt.

Three groups of subjects recalled the words in an order
determined by either the temporal, spatial, or item information in
the list. The first group of subjects was required to recall the
words according to the temporal sequence of presentation; for these
subjects the spatial arrangement of the words was alphabetical.

The second group of subjects was required to recall the words
according to the words’ spatial locations within the vertical field
during presentation; for these subjects the temporal sequence of
the words was alphabetical. The third group of subjects was
required to choose the 20 words that had been presented from an
alphabetically organized 210-word list including the critical words
intermixed with similar distractor words. For this last group of
subjects, both the temporal and spatial arrangements of the words
were alphabetical. For all subjects, after each recall, another
trial was started with the same words being presented in exactly
the same sequence and locations. This process continued until the
subject achieved a criterion of correct recall on three successive
trials.

Subjects returned after a one-week delay and were asked to
recall the 20 words as they had during the first session. After
this initial retention test, the presentation and recall trials
were resumed as in the first session, and continued until the
criterion of correct recall on three successive trials was achieved
again.

The initial retention test yielded the greatest proportion of
correct responses for item information (.969) and substantially
lower proportions for temporal (.769) and spatial (.750)
information. The mean number of trials to criterion for each
information type and session are summarized in Figure 12. Note
that learning was most difficult in the spatial condition and least
difficult in the item condition, and that first-session learning
required more trials than did second-session relearning. Figure 12




illustrates the interaction between information type and session.
Although initial learning proceeded more slowly in the spatial
condition than in the temporal and item conditions, relearning of
information in the spatial condition, once initial learning was
achieved, was similar to that of the other conditions.
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Figure 12. Results of Experiment 1 by Sinclair, Healy, and Bourne
(1993) . Mean number of trials to criterion for temporal, spatial,
and item information as a function of session.

It is likely that the higher degree of learning difficulty
observed in the spatial condition of Experiment 1 was due partially
to the subjects' inability to discriminate effectively one spatial
location from another. Central locations in the vertical array
contained no unique information to distinguish them from
neighboring locations. Hence, in the second experiment, a new
array of 18 word locations arranged in two three-by-three matrices
replaced the old vertical array of 20 word locations used in
Experiment 1. Each spatial location was thus made unique and easily
distinguishable from every other location within the new array.
Half of the subjects had a retention period of 1 week and the
others had a retention period of 6 weeks to elucidate the time
course of forgetting from long-term memory.

Subjects showed substantially lower proportions of correct
responses on the retention test after six weeks (temporal, .236;
spatial, .347; item, .882) than after one week (temporal, .785;
spatial, .875; item, .986). The mean number of trials to criterion
for each information type and session are summarized in Figure 13.
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Most interesting is the observation that performance was better on
the spatial than on the temporal information. Thus, the ordering
of the temporal and spatial conditions was the reverse of that in
Experiment 1, in which performance on temporal information was
better than that on spatial information. As expected, simply
changing the presentation array so that each of its component
positions provided unique spatial information facilitated learning
in the spatial condition. Also note that although initial learning
proceeded at very different rates for the three types of
information, their relearning was again similar. That 1is, the
initial learning rates for the three types of information varied
more than did their relearning rates.
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Figure 13. Results of Experiment 2 by Sinclair, Healy, and Bourne
(1993) . Mean number of trials to criterion for temporal, spatial,
and item information as a function of session.

The number of weeks intervening between original learning and
second-session relearning affected recall greatly. The trials to
criterion required for relearning in Session 2 were greater after a
six-week delay (Session 1 M = 5.54 trials, Session 2 M = 4.75
trials) than after a one-week delay (Session 1 M = 5.71 trials,
Session 2 M = 3.71 trials). It is clear, however, that even in the
six-week condition some information from the first session was
retained because the number of trials required for relearning was
less than that required for learning in the first session.

There are three conclusions that can be made on the basis of
these findings. First, although there was considerable long-term




retention evident for all three types of information, there was
nonetheless significant forgetting for temporal and spatial
information. This forgetting was already evident across the one-
week retention interval and was even greater across the six-week
retention interval. The forgetting observed for the declarative
information studied here was generally consistent with that found
in our study of course schedules but was in marked contrast to the
substantial retention we found in our earlier studies examining the
long-term retention of procedural skills (see Healy et al., 1892),
such as the study of the Stroop task (see Clawson et al., 19893).
Second, there were large differences in the learning of temporal
sequence, spatial arrangement, and item identity, with smaller
differences in the relearning of the three types of information.
Third, learning spatial information was more difficult than
learning temporal information when the spatial positions were hard
to differentiate, but the opposite pattern of results was found
when each spatial position was made distinctive. Thus, making the
to-be-learned spatial information distinctive facilitated learning.

Mental Arithmetic

Next we turn our attention to the guidelines regarding the
optimization of learning strategies. The first study in this
section concerns mental arithmetic, an area of our research that is
further discussed by Rickard and Bourne (1993).

Our previous work on mental arithmetic has uncovered several
important facts about the acquisition, transfer, and retention of skill
(Fendrich et al., 1993; Rickard et al., in press). First, in
accordance with most other research on skill acquisition, speed-up with
practice on simple multiplication and division problems follows the
power law of learning (Newell & Rosenbloom, 1981; Rickard et al., in
press). Second, in accord with our work on the Stroop task, arithmetic
skill is almost entirely specific to the problems practiced, suggesting
that adult subjects store each problem separately in some form of fact
memory (Ashcraft, 1992; Rickard et al., in press). Even complementary
multiplication and division problems, such as 4 x 7 and 28 + 7, are
represented by adults as independent facts. Third, we have shown that
speed-up from practice is maintained over retention intervals of a
month or longer without significant decrement (Fendrich et al., 1993).

Although our research, as well as a substantial amount of other
research in the literature (reviewed by Ashcraft, 1992), suggests that
adult performance on simple arithmetic mostly reflects retrieval of
facts from memory, it has been demonstrated by Siegler (1986, 1988)
that children often rely on algorithms to calculate the solutions to
arithmetic problems. In order to study similar processes in adults, we
developed a novel mental arithmetic task which, initially at least,
requires the application of a general algorithm (just as in the case of
children beginning to learn arithmetic), but with sufficient practice
should be performable by retrieving answers directly from memory
(Rickard, 1993). This task allowed us to test the generalizability of
our findings with simple arithmetic, for which practice simply
strengthens access to already existing facts, to a task for which
practice results in a transition from algorithm to retrieval.
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Adult subjects were trained on two types of problems, based on a
novel, arbitrary operation symbolized by the pound sign (#). On Type I
problems, subjects were given two elements from a simple arithmetic
progression, and were required to generate the third (next) element.
The generic progression that we used was one in which the third element
is the second element plus the difference between the first and second
elements, plus 1. For example, the answer to 7 # 15 = _ 1s computed as
15 + (15 - 7) + 1 = 24. Type II problems were based on the reverse
algorithm, the answer being the second element of the series (e.g., 7
# = 24). Across five sessions subjects received 90 blocks of
problems; a block consisted of a single presentation of each of 12
unique problems: 6 Type I problems and 6 Type II problems. At the end
of the fifth session subjects were given a transfer test, on which they
were retested on the practice problems (no-change problems), and were
also tested on practice problems with the missing element changed
(tvpe-change problems, e.g., a Type I problem became a Type II problem)
and on unpracticed problems (new problems). Finally, subjects were
given the same test six weeks later to measure retention.

During practice, subjects were probed on one third of the trials
to determine whether they used the algorithm that they were taught,
retrieved the answer directly from memory, or used some other,
unspecified approach. During both the immediate and the delayed tests,
subjects were probed after every trial. On probe trials, subjects
signified "algorithm", "retrieve", or "other" by pressing labeled
buttons on a response console.

The strategy probing results from practice are shown in Figure 14.
Note that practice was successful in creating a transition from the
algorithm to direct retrieval. By about Block 60, direct retrieval was
the reported strategy on nearly all trials. The transition from
algorithm to retrieval was virtually complete for all subjects. After
Block 60, few i1f any problems required intermediate stages for
solution.

Log reaction time averaged across subjects and across correctly
solved problems is displayed in Figure 15, plotted as a function of log
block. The average reaction time for Block 1 was about 13 seconds. By
Block 90, the average reaction time was about 1 second. The line
drawn through the data corresponds to the best fitting power function.
Note the clear deviation from linearity evident in the data. This
pattern, combined with the evidence from the strategy probing data,
suggested to us that the power law may actually be strategy specific,
and may not hold during the transition from algorithm to retrieval (cf.
Logan, 1988).

To test this hypothesis, additional reaction time analyses were
performed only for trials on which strategy probes were collected.
Considering only algorithm trials, there should be power function
speed-up with practice; that is, the data should plot linearly in log-
log coordinates. Similarly, when considering only retrieval trials,
there should be power function speed-up, and thus the data should plot
linearly in log-log coordinates. However, the two power functions
would be unlikely to share the same parameters. Figure 16 shows the
log reaction time data for strategy probing trials overall, for
algorithm responses only, and for retrieval responses only. As
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predicted by our hypothesis, when the data were separated by strategy,
they conformed very nicely to two linear but different power functions.
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Figure 14. Results of an experiment by Rickard (1993). Mean
proportion of algorithm, retrieval, and other strategy reports as a
functicon of practice block.
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Figure 15. Results of an experiment by Rickard (1993). Mean
correct log reaction time as a function of log practice block.
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Figure 16. Results of an experiment by Rickard (1993). Mean
correct log reaction time for algorithm trials, retrieval trials,
and overall as a function of log practice block.

The average reaction time results for the immediate and delayed
tests are shown in Figure 17. On both tests, performance was much
faster on no-change problems than on either new or type-change
problems. The strategy probing data help to explain this difference.
Subjects reported using direct retrieval on nearly all no-change
problems of the immediate test, and on roughly half the no-change
problems of the delayed test. 1In contrast, the algorithm was the
reported strategy on nearly all new and type-change problems on both
tests. These results show that the skill acquired with practice was
highly specific to the individual problems that were practiced.

Indeed, even when there was only a type-change from practice to test
(e.g., 3 # 17 = _ to 3 # _ = 32), there was no transfer of learning.

Reaction times for no-change problems on the delayed test were
about half-way between reaction times for no-change and new problems on
the immediate test, indicating some skill retention. Nevertheless, the
substantial increase in reaction time for no-change problems on the
delayed test indicated a much greater loss in skill across the
retention interval than we had observed in our previous work on simple
arithmetic (e.g., Fendrich et al., 1993; Rickard et al., in press). To
investigate this finding further, we plotted the reaction times for no-
change problems on the delayed test separately by strategy (algorithm
or retrieval) as shown by the dotted lines in Figure 18. When
retrieval was the reported strategy for no-change problems on the
delayed test, the reaction times were almost exactly the same as for
the no-change problems on the immediate test. When the algorithm was




the reported strategy, the reaction times were nearly exactly the same
as those for new and type-change problems. This result suggests that
the effects of the retention interval were only to decrease the
probability with which the retrieval strategy was used, without
changing the time reguired to execute that retrieval strategy when it
was used. Thus, a training procedure that promotes the use of an
optimal strategy for a given task appears to contribute to the
maintenance of training levels of performance on later tests of

retention.
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Figure 17. Results of an experiment by Rickard (1993). Mean
correct reaction time in milliseconds for new problems, type-change
problems, and no-change problems as a function of test time. (All
means were calculated based on log reaction times and then
transformed back to milliseconds by the anti-log function.)
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Figure 18. Results of an experiment by Rickard (1983). Mean
correct reaction time in milliseconds for the three problem types
and separately for algorithm and retrieval trials of the no-change
problems as a function of test time. (All means were calculated
based on log reaction times and then transformed back to
milliseconds by the anti-log function.)

Direct and Mediated Retrieval in Vocabulary Acguisition

Retrieval strategies were also a focus of our studies
concerning foreign vocabulary acquisition (discussed more fully by
Crutcher & Ericsson, 1993). Learning vocabulary items in a foreign
language 1s 1n many ways an ideal everyday task for the study of
retention under controlled conditions, due to the independent and
often arbitrary nature of its required associations. In most of
our earlier research (Crutcher, 1990; Crutcher & Ericsson, 1992)
students unfamiliar with Spanish learned approximately 40 Spanish
vocabulary items, after which their retention was tested one week,
one month, and even one vear later. The current set of studies
extends our findings to significantly more practice and makes
comparisons to retrieval by experts (that is, advanced students of
Spanish). Before turning to these new findings, let us briefly
review the procedures and general results of our previous work.

For the vocabulary items we used, the Spanish word was
completely unrelated to its English translation (e.g., doronico and
“leopard”). To facilitate learning we instructed subjects in the
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use of the keyword method. In the keyword method, the Spanish word
is first related to a similar-sounding English word (the keyword)
provided by the experimenter (e.g., doronico and “door”). The
keyword is then associated to the English translation by forming an
interactive image. This method of learning provided a great deal of
control over the mediating processes, thus assuring a very similar
encoding structure across subjects. After subjects had acquired
all vocabulary items, we examined their retrieval speed and
accuracy in three ways: using the Spanish word as a cue to retrieve
the English translation (vocabulary task), using the Spanish word
as a cue to retrieve the keyword (keyword subtask), and using the
keyword as a cue to retrieve the English translation (English
subtask) .

The results from these tests immediately following acquisition
showed that retrieval of the English translation when cued by the
Spanish word involved access and mediation of the keyword
(Crutcher, 1990). Retention testing at a one-week or one-month
delay showed two further results. First, accuracy of retrieval was
reduced (especially after a month) and inability to retrieve the
English translation given the Spanish word was almost perfectly
predicted by inability to retrieve the English translation given
the keyword. Second, for a given item, retrieval speed on the
first block of the retention test was considerably slower than on
the immediate test after training, but on the second block of the
retention test the speed was comparable to that on the immediate
test. That is, after a memory trace was successfully accessed the
first time at retention, its strength appeared to be completely
recovered.

In more recent studies, subjects practiced retrieving the
English translation for 80 training blocks (Crutcher, 1992;
Crutcher & Ericsson, 1992). Half the items were consistently cued
by only the Spanish word (the vocabulary task) and the other half
of the items were cued by only the keyword (the English task).
Subjects were then tested on both retrieval tasks for all items,
first immediately after the extended practice and again one month
later. On the immediate test, for items trained with the English
subtask, the retrieval times on the vocabulary task were longer,
consistent with sequential access mediated by the keyword.

However, for items trained with the vocabulary task, the retrieval
times on the English subtask were longer, implying the emergence of
direct access. Retrospective reports provided convergent evidence
for direct retrieval with extended practice on the vocabulary task.

In the experiment giving subjects extended practice (Crutcher,
1992), new analyses of retention after a one-month delay showed a
very interesting pattern. Although accuracy of retrieval was
uniformly high on both retrieval tasks, there was a robust
interaction of retrieval task and training condition. For items
trained with the English subtask, recall proportion was reliably
worse on the vocabulary task (M = .90) than on the English subtask
(M = .97), which suggested a loss of the association between the
keyword and the Spanish word. Training with the vocabulary task
vielded worse performance for retrieval on the English subtask (M =
.95) than on the vocabulary task (M = .99). For about 4 percent of
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the items, the English translation could be retrieved using the
Spanish word as a cue without the subjects' being able to retrieve
the English translation using the keyword as a cue. At the same
time, the keywords remained effective cues for 95 percent of the
items, although the keywords had hardly been presented since the
original acquisition of the items.

Table 1 presents mean retrieval times for the immediate test
after practice and for the retention test's Block 1 (the first
encounter of an item) and Block 2 (the second encounter). For both
blocks of the retention test, as well as for the immediate test,
there was an interaction between training condition and retrieval
task. Furthermore, retrieval speed on the first block of the
retention test was much slower than it had been one month earlier
on the immediate test, but retrieval speed on the second block was
virtually indistinguishable from that on the immediate test.

Hence, this study with extensively practiced items replicated our
earlier findings (Crutcher, 1990) with forgetting of responses due
to loss of the connecting associations and a remarkable recovery of
the entire pattern of retrieval times after the first exposure of
the retrieval task at a long delay.

Table 1. Results of experiment by Crutcher (1992). Mean correct
retrieval time in milliseconds for items trained in the Vocabulary
task (V-trained) and items trained in the English subtask (E-
trained) as a function of test type (Vocabulary, V, or English, E)
and test time. (All means were calculated based on log reaction
times and then transformed back to milliseconds by the anti-log
function.)

Test Time and Test Type

Immediate Delayed, Block 1 Delayed, Block 2
\% E v E \% E
Item Type
V-trained items 830 963 ' 1207 1332 883 952
E-trained items 1376 813 1636 1236 1146 888

The finding that the keyword remained accessible at delay even
when only the direct connection between the Spanish word and its
English translation had been practiced was consistent with other
results obtained in our laboratory. For example, we found that
after extended practice leading to apparent direct access of the
English translation, it was still possible to interfere selectively
with the speed of retrieval by having subjects memorize new
assoclates to the keywords (Crutcher, 1992). It would, thus,
appear that the original encoding of an item during learning
continues to influence retrieval after extended practice even when
other evidence points to unmediated direct retrieval.




Finally, some of us (Crutcher, Hammerle, Ericsson) have
further explored our findings by studying experts in vocabulary
retrieval, namely advanced students of Spanish. In our initial
expert study, experts simply took the previously used vocabulary
test, restricting the test to retrieving English translations for
the Spanish words. To minimize warm-up effects, we had the
subjects read both the Spanish words and keywords as fast as
possible for two blocks. Figure 19 shows subsequent retrieval
speed of vocabulary items for the five blocks of testing.
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Figure 19. Results of Experiment 1 by Crutcher, Hammerle, and
Ericsson. Mean correct retrieval time in milliseconds by Spanish
experts as a function of test block, compared with the average
retrieval time of extensively trained novices. (All means were
calculated based on log reaction times and then transformed back to

milliseconds by the anti-log function.)

There were two interesting findings. First, by the fifth
block the experts were able to retrieve the vocabulary items in
about 630 ms, which was 200 ms faster than the retrieval speed for
our novice subjects after extended training. Second, there was a
considerable speed-up in retrieval for the experts during the five
blocks.

In a second experiment, subjects were tested initially on only
half of the words, but returned one week later for a retention
test. Figure 20 shows retrieval times at retention both for the old
words that had been practiced and for the unpracticed, or new,
words. Subjects maintained their original speed-up on the words




they had practiced, but this speed-up did not transfer to the new
words. Retrieval times for the new words improved dramatically
during the retention test, an improvement similar to that for old
words during the original training.
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Figure 20. Results of Experiment 2 by Crutcher, Hammerle, and
Ericsson. Mean correct retrieval time in milliseconds by Spanish
experts for practiced and new words as a function of test block on
a one-week retention test. (All means were calculated based on log
reaction times and then transformed back to milliseconds by the
anti-log function.)

In summary, performance of the Spanish experts improved
greatly after a few exposures to the items being tested. The
improvement in retrieval speed for practiced words was essentially
perfectly retained during the delay, but did not generalize to new,
unpracticed words.

Summary and Conclusions

In closing, we review the three classes of guidelines we found
to optimize long-term retention, as summarized in Table 2. The
first class of guidelines concerns ways to optimize the conditions
of training. We discussed three general guidelines in this class.
First, superior memory results from the use of reinstatable
procedures during learning. The procedural reinstatement framework
was used to account for the observed superiority of memory for
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spatial order found in our studies of the retention of course
schedule information. Second, retention can be aided by prior
familiarity. Memory for spatial information of course schedules
was improved when the information could be related to previous
experience. Third, learning is facilitated by distinctiveness of
the information, as was evident with the spatial information in our
study of list learning.

Table 2. Classes of guidelines to optimize long-term retention.
Guideline Topic
(1) Optimize conditions of training:
(a) Use procedures during learning. Schedule components
(b) Relate information to previous
experience. Schedule components
(c) Make the to-be-learned
information distinctive. List components
(2) Optimize the learning strategy:
Direct retrieval is best. Mental arithmetic
(3) Optimize retention conditions:
Provide refresher or practice tests. Vocabulary acquisition

The second class of guidelines concerns ways to optimize the
learning strategies used. We found in our study of mental
arithmetic that the strategy used by the subject importantly
influenced retention performance and that a direct retrieval
strategy led to faster responding than did a strategy based on the
use of an algorithm. Our study of vocabulary acquisition
demonstrated that a direct retrieval strategy may also be achieved
in that domain, but mediating associations may still exert an
influence even when retrieval appears to be direct.

The last class of guidelines concerns ways to optimize
retention conditions. In our study of vocabulary acquisition we
saw remarkable recovery of retrieval speed after the initial warm-
up retrieval. Hence, it appears that the use of a refresher or
practice test before the critical test may have a profound impact
on retention performance.

We began this report by summarizing some of our work
demonstrating the specificity of improvement in performance.
Stroop training on specific colors and words showed excellent
retention across a month-long delay interval but limited transfer
to new colors and words. Although our original goal in this
research program had been limited to an examination of the
optimization of long-term retention, we have learned that
optimizing retention does not guarantee generalizability.

Overall in our research program, we have been able to
demonstrate conditions that lead to highly durable performance over
time. Our basic interpretation of this result invokes the
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principle of procedural reinstatement, that is, retention
performance will be best when the mental procedures required at
test match those employed during training. Our more recent results
have highlighted a limitation of this principle. Durable retention
is associated with highly specific skill, that is, retention
performance will be poor when the mental procedures required at
test do not match exactly those employed during training. The
relationship between durability and specificity in memory will be
the focus of our future research.
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